Transgenic tadpoles that express a dominant negative thyroid hormone (TH) receptor specifically in their skin undergo normal metamorphosis, with one exception: they retain a larval epidermis over the developing adult epithelium. TH-induced death of the tadpole epidermis is inhibited by the dominant negative TH receptor whereas the TH-induced response of the neighboring fibroblasts and the cells that form the adult skin occur normally. Therefore death of the tadpole skin is a direct and cell autonomous target of TH, and its protection has no detectable influence on TH-induced changes of other cell types.
T
he epidermis is one of many amphibian tadpole tissues that are remodeled at metamorphosis (reviewed in refs. 1 and 2). The tadpole epidermis consists of two to three cell layers in contact with an acellular collagen lamella. The premetamorphic dermis consists of the collagen lamella, an adjacent single layer of subepithelial fibroblasts, and melanophores (2) . As thyroid hormone (TH) concentration rises in the tadpole during metamorphic climax the outer two cell layers of the epidermis are thought to die by apoptosis (3) (4) (5) (6) . The basal cells of the tadpole epidermis are progenitors for the adult frog epidermis (7) (8) (9) . At metamorphosis the subepithelial fibroblasts secrete proteolytic enzymes such as collagenase-3 and invade the collagen lamella, the dermis thickens, and adult skin glands form (2, 10) . A major difference between the tadpole and frog skin is that all cells in the tadpole epidermis replicate whereas only the basal cells replicate in frog skin (11) . This latter ''germinative'' replication is characteristic of the epidermis of all adult vertebrate species whereas the self-replicating tadpole epidermis resembles the mammalian fetal skin called the periderm (12) .
There are several molecular markers that distinguish gene expression in tadpole from frog skin. Subtractive hybridization of Xenopus laevis tails identified four genes that are downregulated by TH (13) . All four of these genes are expressed only in the apical or outer cell layer of the tadpole skin (14) . A larval keratin is expressed from late embryogenesis throughout tadpole life in the apical and skein cells of the epidermis (15) . An adult keratin has been identified that is activated at metamorphosis in the basal cells of the body epidermis (16) . Recently, additional larval and adult members of the keratin gene family have been identified (9, 17, 18) .
Although it is known that the larval epidermis dies during metamorphosis and that TH induces keratinization and detachment of epidermis cells from culture dishes (5, 6), we sought to determine whether this death occurs autonomously in vivo as a result of TH induction or indirectly by cell-cell interaction, perhaps as a result of the secreted proteases from the adjacent subepithelial fibroblasts. In addition, it has been proposed that products of the tadpole skin might play a role in the dissolution of other cell types in the tail (19, 20) , and an epidermal collagenase has been reported to be up-regulated at metamorphosis in the bullfrog (21) . Using the X. laevis promoter for larval keratin (15) we have targeted expression of a dominant negative TH receptor (TRDN) to the tadpole epidermis. Our results demonstrate that the larval epidermis is a direct target of TH. These transgenic tadpoles retain a larval epidermis even though they otherwise metamorphose normally and form an adult epidermis under the protected larval epidermal cells.
Materials and Methods
Plasmids and Transgenesis. The X. laevis larval keratin promoter (Ker) was synthesized by amplifying 922 bp of upstream sequences from the X. laevis genomic DNA (GenBank accession no. XO4807; ref. 15 ) and cloned into a pCS2ϩ-based vector (Ker:GFP), as described (22) . The preparation of a TH receptor (TR)␣ cDNA truncated at the C terminus (amino acid 401) has been described (23) . The C-terminal deletion removes the ability of the TR to bind TH and deletes a site for coactivator binding and therefore functions as a TRDN. The TR protein is known to reside in the nucleus and the effects of the TRDN are limited to the cell within which the protein lies. This is the basis for interpreting the effect of a TRDN as cell autonomous. The Ker:TRDN construct was made by replacing the GFP sequences from the Ker:GFP construct with the TRDN cDNA.
Transgenic animals were prepared by restriction enzymemediated integration into sperm nuclei (24), using minor modifications (25) . Tadpoles transgenic for Ker:GFP were identified by their GFP fluorescence at day 4 of development by using a Leica MZ12 fluorescent stereo microscope. The Ker:TRDN construct was coinjected with a second construct, CRY1:GFP3, that expresses GFP in the eye lens under control of the X. laevis ␥-crystallin promoter (a gift of Robert Grainger, University of Virginia, Charlottesville). Tadpoles transgenic for Ker:TRDN were screened by identifying GFP fluorescence in the eyes. Successful cotransgenesis occurs Ϸ80% of the time when two plasmids are injected together as a mixture (25) . Transgenesis for Ker:TRDN was always confirmed by PCR. (26) . Tadpoles at different stages were fixed in paraformaldehyde. The dorsal body skin and the underlying connective tissue (region between the hindlimbs and forelimbs) was peeled off, embedded, cryosectioned, and processed for hematoxylin and eosin histochemistry and in situ hybridization using digoxigenin-labeled antisense probes against gene 19, larval keratin (a gift of Thomas Sargent, National Institutes of Health, Bethesda), collagenase-3, and adult keratin as described (10) .
To verify that the larval keratin promoter drives specifically in the tadpole epidermis, NF stage 54 tadpoles transgenic for Ker:GFP (n ϭ 6) were fixed in paraformaldehyde, cryosectioned, and processed for immunohistochemistry as described (23) . Larval keratin and GFP were detected in cryosections by using rabbit polyclonal primary antibodies against larval keratin (1͞1,000 dilution, gift of Thomas Sargent) and GFP (1͞1,000 dilution, Torrey Pines Biolabs, San Diego), and Alexa Fluor 488-conjugated anti-rabbit secondary antibody (Molecular Probes).
NF stage 54 tadpoles transgenic for Ker:TRDN (n ϭ 6) were induced for 48 h with 30 nM of T3 diluted in 0.1ϫ MMR (10 mM NaCl͞0.2 mM KCl͞0.1 mM MgCl 2 ͞0.2 mM CaCl 2 ͞0.5 mM Hepes, pH 7.5). The induced tadpoles, as well as a group of uninduced transgenic and control WT tadpoles (n ϭ 3), were then fixed in paraformaldehyde. Their tails were embedded, cryosectioned, and processed for hematoxylin and eosin histochemistry and in situ hybridization as described above. To observe apoptosis in the epithelium, dorsal skin and the underlying connective tissue were peeled off and immunostained in whole mount with a primary antibody against an active form of caspase-3 (PharMingen, rabbit monoclonal, 1:250 dilution) and Alexa Fluor 488-conjugated anti-rabbit secondary Ab (1:400 dilution, Molecular Probes), as described (27) . NF stage 64 tadpoles transgenic for Ker:TRDN (n ϭ 10) undergoing spontaneous metamorphosis were also fixed in paraformaldehyde, and their dorsal body skin and tails were removed for cytology.
Results
Before metamorphic climax (NF 57) the tadpole skin consists of two to three cell layers, supported by an acellular collagen lamella and a single cell layer of subepithelial fibroblasts (Fig.  1B) . By late metamorphic climax (NF 62) the skin has remodeled. The epithelium has become three to five cells thick, and the subepithelial fibroblasts have invaded the collagen lamella (Fig.  1BЈ) . The larval skin-specific gene down-regulated at metamorphosis (gene 19) is expressed only in the outer most apical cell layer of the epidermis (Fig. 1C) . A larval keratin has been identified that is expressed in the tadpole skin (14) (Fig. 1D) . Expression of these genes is greatly reduced by NF 60 (not shown) and absent by NF 62 (Fig. 1 CЈ and DЈ) . An adult keratin is not expressed in tadpoles (Fig. 1E ) but is strongly expressed by NF 62 (Fig. 1EЈ) , in basal cells that are the progenitors of adult skin. Active caspase-3 immunoreactivity (a marker of apoptosis) is rarely present in the skin cells during premetamorphosis (NF 57) ( Fig. 2A) but is widespread in the epithelium at the start of climax (NF 60) (Fig. 2B) , a stage coinciding with the loss of larval-specific epidermal gene expression. Active caspase-3 immunoreactivity generally is restricted to the first two layers of tadpole epidermal cells. These cells are often highly vacuolated, a characteristic of autophagy (Fig. 2D) . By late climax (NF 62) the scarcity of active caspase-3 immunoreactive cells is similar to that found in premetamorphic skin (Fig. 2C) .
The fidelity of the Ker was assessed in tadpoles transgenic for Ker:GFP. Expression of the GFP colocalizes with larval keratin protein in the skin of the body and tail (Fig. 3) , an observation seen in all six transgenic animals. GFP expression in transgenic tadpoles is absent by the start of metamorphic climax (NF 60) (not shown), suggesting that this cloned Ker has the same specificity as the endogenous promoter from which it was derived.
In all (n ϭ 3) premetamorphic tadpoles (NF 54) transgenic for Ker:TRDN (and in nontransgenic controls) gene 19 is expressed in the apical cell layer of tail skin (Fig. 4 A and AЈ) . After a 48-h induction of NF 54 tadpoles with 30 nM T3, gene 19 message was absent in nontransgenic tadpoles (n ϭ 6), but retained in three of six transgenic tadpoles (Fig. 4 B and BЈ) . Expression of collagenase-3 in the subepithelial fibroblasts was induced in all (n ϭ 6) transgenic and nontransgenic tadpoles after 48 h of treatment with T3 (Fig. 4 C and CЈ) , whereas expression was absent in all uninduced controls (n ϭ 3) (not shown). Before induction with T3, active caspase-3 immunoreactivity is sparse in dorsal body skin of transgenic and nontransgenic tadpoles (n ϭ 3) (Fig. 2 A) . After 48 h of T3 induction active caspase-3 immunoreactivity is widespread throughout the skin of all Fig. 2 . Larval epithelial cell death at metamorphic climax coincides with expression of active caspase-3. Active caspase-3 immunoreactivity detected in whole-mount processed skin from the body is rarely present in larval skin before metamorphosis (NF 57) (A), strongly present at the start of metamorphic climax (NF 60; arrows) (B), and rarely present at the peak of climax (NF 62) after the larval skin has been replaced by adult skin (C). Adult skin glands present at NF 62 are weakly autofluorescent. (D) Active caspase-3 immunoreactivity (green) in cross sections of NF 60 skin is confined to a vacuolated cell (v) in the larval epithelium; red, 4Ј,6-diamidino-2-phenylindole (DAPI) nuclear counterstain; arrowheads, collagen lamella; solid arrowheads, subepithelial fibroblasts (SEF). [Scale bars: 100 M (A-C) and 5 M (D).] nontransgenic tadpoles (n ϭ 6) (Fig. 4D) . However, in the same transgenic individuals that retained gene 19 expression, active caspase-3 immunoreactivity (Fig. 4DЈ) was much lower and similar to levels observed before induction (Fig. 2 A) .
In spontaneously metamorphosing tadpoles, all transgenic tadpoles (n ϭ 10) appeared similar to nontransgenic controls (n ϭ 10) near the end of metamorphic climax (NF 64) and displayed normal tail resorption (Fig. 5 A and AЈ) . In the dorsal body skin of all NF 64 controls gene 19 and larval keratin expression was absent (Fig. 5 B and C) , and adult keratin was expressed in the basal cells of the epidermis (Fig. 5D) . In all control tails gene 19 expression (Fig. 5F ) and larval keratin expression (not shown) were absent, as was adult keratin expression (not shown). In contrast to controls, the dorsal body skin in 3͞10 transgenic animals (presumedly those with the highest levels of TRDN expression) expressed gene 19 and larval keratin message in the outermost epithelial layer (Fig. 5 BЈ and  CЈ) . In situ hybridization double-labeling with two different probes showed that the gene 19-expressing apical layer is separated from the adult keratin-expressing basal layer by a single layer of cells (Fig. 5DЈ) . In contrast to controls the same three transgenic animals that retained expression of gene 19 in their body skin also retained gene 19 expression throughout their tail epithelium (Fig. 5FЈ) . These animals also expressed larval keratin but not adult keratin in their tails (not shown).
Discussion
The change of larval to adult epidermis in anurans has been documented extensively by histology (2, 28, 29) . At the climax of metamorphosis larval skin cells become keratinized (6) and their nuclei become pycnotic (3, 4) , suggestive of apoptosis. We have used active caspase-3 immunocytology to assay for apoptosis of larval epidermal cells (Figs. 2 and 4D ). This useful marker reveals an abundance of dying larval epidermal cells starting at metamorphic climax (Fig. 2) . In the body the basal progenitor cells that will give rise to the adult epidermis proliferate, the underlying collagen lamella is invaded by fibroblasts, and the dermis thickens and develops further. Only rare patches of adult skin cells ever form in the tail even at the peak of metamorphic climax when almost all of the body skin has become adult (30) .
Our goal has been to determine the extent that TH-induced death of the larval epidermis is a direct target of the hormone, and whether the dying epidermis influences neighboring cell types such as the adult basal cells and subepithelial fibroblasts that will also change as a result of TH. This same question has been answered for muscle programs during metamorphosis (27) . The fast muscle of the tail dies a cell autonomous death while the slow muscle cords die along with general tail resorption presumably digested by the proteolytic enzymes released by the fibroblasts.
Several genes have been identified that are expressed differentially in tadpole compared with frog skin. This list includes several keratins (9, (15) (16) (17) (18) 31 ) and a set of TH-induced down-regulated genes that all are expressed in the apical cell layer of the tadpole skin (14) . Our examination of cell autonomy of larval skin death has been made possible by the specificity of a larval keratin promoter (ref. 15 ; Fig. 3 ) and the availability of larval (14) and adult (31) skin markers. This larval keratin promoter drives GFP or the TRDN expression in the two outer cell layers of the tadpole epidermis, mirroring the expression pattern of larval keratin itself. The expression of larval keratin is down-regulated normally at the climax of metamorphosis just after the genes specific to the apical cells, including gene 19, are down-regulated by TH (14) . The onset of adult keratin expression begins late in prometamorphosis and is always visualized in a deep cell layer of the skin, presumably the ''basal'' cells. There are no molecular markers that would help us identify the adult progenitor cells (basal cells) before they express adult keratin, and we therefore cannot test whether the larval keratin promoter is expressed in these cells. However, expression of the TRDN in the skin of transgenic tadpoles does not inhibit the TH-induced up-regulation of the adult keratin skin marker, suggesting that the transgene is not expressed in basal cells. In contrast, the TRDN inhibits the loss of larval epithelium. As with the adult basal cells, the neighboring subepithelial fibroblasts that upregulate proteolytic enzymes as exemplified by collagenase-3 ( Fig. 4 C and CЈ) are also unaffected by the inhibition of larval skin death and the tail resorbs normally. Remarkably, the transgenic tadpoles metamorphose normally except for one feature. They retain a larval epidermis over their developing adult skin (Fig. 5EЈ) . These findings suggest that the larval skin neither induces epithelial-mesenchyme remodeling nor tail resorption in direct response to TH. This does not exclude the possibility that larval skin produces a tail resorption-inducing substance that is not controlled by TH, as suggested (19, 20) . We presume that the protected larval epidermal cells on our transgenic tadpoles ultimately would be sloughed off as the generative adult epithelial cells move exteriorly.
